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a b s t r a c t
How animals adjust the size of their organs is a fundamental, enduring question in biology. Here we
manipulate the amount of neural crest (NC) precursors for the dorsal root ganglia (DRG) in axolotl. We
produce embryos with an under- or over-supply of pre-migratory NC in order to ﬁnd out if DRG can
regulate their sizes during development. Axolotl embryos are perfectly suitable for this research. Firstly,
they are optimal for microsurgical manipulations and tissue repair. Secondly, they possess, unlike most
other vertebrates, only one neural crest string located on top of the neural tube. This condition and
position enables NC cells to migrate to either side of the embryo and participate in the regulation of NC
cell distribution. We show that size compensation of DRG in axolotl occurs in 2 cm juveniles after
undersupply of NC (up-regulation) and in 5 cm juveniles after oversupply of NC (down-regulation). The
size of DRG is likely to be regulated locally within the DRG and not via adaptations of the pre-migratory
NC or during NC cell migration. Ipsi- and contralateral NC cell migration occurs both in embryos with
one and two neural folds, and contralateral migration of NC is the only source for contralateral DRG
formation in embryos with only one neural fold. Compensatory size increase is accompanied by an
increase in cell division of a DRG precursor pool (PCNAþ/SOX2), rather than by DRG neurons or glial
cells. During compensatory size decrease, increased apoptosis and reduced proliferation of DRG cells are
observed.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Dorsal root ganglia (DRG) are sensory ganglia of the peripheral
nervous system in vertebrates. They are segmentally arranged on
either side of the spinal cord and contain both sensory neurons
and glial cells (Hanani, 2005; Nascimento et al., 2008). DRG receive
sensations of pain, touch, and muscle tension (Marmigere and
Ernfors, 2007) from peripheral targets via spinal nerves, and
transmit those to higher somatosensory areas in the spinal cord
and brain. DRG are derived from medio-ventrally migrating neural
crest (NC) derivatives and coalesce between somites and neural
tube (Detwiler, 1937; Le Douarin and Kalcheim, 1999). In higher
vertebrates DRG and spinal nerves are conﬁned to the rostral
somite (Keynes and Stern, 1984; Rickmann et al., 1985). This
anterior location is due to factors in the posterior somite, which
inhibit ventromedial migration of DRG precursors and spinal nerve
ingrowth. These factors include collagen IX, versican/aggrecan,
ephrin-B1 and sema3F (Keynes and Stern, 1984; Kuriyama and
Mayor, 2008; Nitzan and Kalcheim, 2013).
Here we use DRG of the axolotl (Ambystoma mexicanum) as a
model for organ size regulation. By manipulating the amount of
NC precursors at the neurula stage we produce embryos with an
under- or oversupply of NC. We found that accordingly smaller and
larger DRG develop and that they become, like in higher verte-
brates, localized at the site of the rostral somite. We further
observed that the primary size difference of DRG is compensated
after coalescence. With this research we focus on key processes in
biology, i.e., the regulation of the attainment of ﬁnal sizes and
proportions of tissues and organs. Such regulatory events are not
limited to developmental stages. In most species also adult tissues
such as bone, gut or blood, undergo permanent adjustment and
renewal. Mechanisms that regulate imbalances in tissue pre-
cursor supply include cellular growth, cell survival, or cell death.
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In salamanders such as the axolotl, the ability to regenerate a wide
variety of tissues including muscle, cartilage, skin, spinal cord, lens
and jaws is retained throughout their lifespan (Goss, 1969).
Which NC precursors in axolotl could participate in DRG size
compensation before/during NC migration or after DRG coales-
cence? As no data exist about the sensory/glial lineage diversiﬁca-
tion in axolotl, we depend on information from other taxa. The
occurrence of bi- and multipotent precursors within the pre-
migratory NC of quail embryos, for example, suggests a very early
potential for a supply of neuronal and glial cells. Production of
these cell types could, theoretically, be stimulated upon certain
needs such as a deﬁciency of NC material, and supply the under-
populated DRG with additional cells. Several molecules, such as
Sox10 (Cheng et al., 2000; Carney et al., 2006), Sox2 (Cimadamore
et al., 2011), Wnt/β-catenin (Lee et al., 2004), Delta/Notch
(Wakamatsu et al., 2000) and Hedgehog (Ungos et al., 2003) have
been implicated in sensory lineage development of vertebrates.
Interaction of the above-mentioned signaling molecules with the
transcription factors neurogenin 1 (ngn1) and ngn2 has been
implicated in DRG neurogenesis of several species (Ma et al.,
1999). Data from the mouse, where BMP promotes neurogenesis
and FGF2 gliogenesis (Zirlinger et al., 2002; Ota and Ito, 2006)
suggest an inﬂuence of growth factors on the production of
additional cells in defective DRG. BMP is thought to act by
suppressing gliogenesis and by inducing ngn2 expression whereas
FGF2 could prevent neurogenesis and promote gliogenesis by
inhibiting ngn2 expression. Finally, an EGF/small-RhoGTPase sig-
naling cascade as identiﬁed in the mouse (Fuchs et al., 2009),
could regulate cell proliferation of DRG cells once they have
reached their target. However, since the role of these factors
and pathways is unknown in the axolotl, we ﬁrst decided to
characterize the proportion of neurons, glial cells, and their
precursors during DRG size compensation. We used markers for
neuronal precursor cells (such as SOX2 and Sox10), markers for
neuronal and glial cells (Neu-N, Tuj-1 and GFAP), and prolifera-
tion markers (such as PCNA and BrdU) that are known to work
in axolotl. At selected stages of larval and juvenile development
we determined when the respective cell populations appear,
how they interact, and which role they play during growth
compensation.
We chose the axolotl as an experimental system because the
embryos are perfect for surgical manipulations such as tissue
grafting, and possess unique abilities of wound healing. In addi-
tion, the transgenic animals needed for tissue labeling only exist in
axolotl and not in other urodele species. Most importantly, only
one elevated NC string forms on top of the neural tube which
harbors all NC cells from the fused left and right neural folds
(Duband et al., 1995). Even if only one fold is present after
extirpation of the other, a neural crest string forms on top of the
tube from NC cells of the remaining fold. In this manner, con-
tralateral regulation or repair is possible, for example, of defective
or missing “left” NC derivatives by “right” NC cells. In other lower
vertebrates, such as Xenopus, no single uniform NC string exists
(Hausen and Riebesell, 1991) and most NC cells migrate out
laterally from precursor pools in left or right neural folds already
before the folds have fused into a neural tube. Thus, a systemic
regulation of defects during NC distribution is not possible in
Xenopus as in axolotl.
Our results show that smaller and larger DRG develop when
axolotl neurulae with an initial undersupply or oversupply of pre-
migratory NC have ﬁrst reached the larval stage. In both cases the
DRG coalesce at the rostral somite, the typical site of DRG
localization in higher vertebrates. By the time the animals reach
juvenile stages, either case of NC supply results in DRG that have
compensated their size to that of control DRG. Up-regulation of
DRG size is achieved much earlier than down-regulation and is
accompanied by changes in the timing of ﬁnal differentiation of
DRG cells, presenting a later onset of neurogenesis than controls.
Conversely, down-regulation of oversized DRG takes longer and
higher levels of apoptosis, as well as decreased DRG cell prolifera-
tion, are observed concomitantly. In addition to local adaptations
to tissue growth (proliferation and apoptosis), intrinsic mechan-
isms of NC cell distribution play a role. This especially is the case in
embryos carrying only one neural fold, where contralateral migra-
tion of NC cells is the only source for the formation of contralateral
DRG. Our ﬁndings suggest that local size abnormalities can be
detected and integrated into a broader organismal context to
achieve regulation, attain the adequate ﬁnal cell mass and hence,
appropriate species proportions.
Materials and methods
Embryos
Transgenic GFPþ white mutant (d/d) embryos ubiquitously
expressing GFP and white mutant (d/d) embryos of the Mexican
axolotl (A. mexicanum) were obtained from our axolotl colony in
Dresden, Germany. The GFPþ embryos were used as donors for
tissue grafts into white hosts. Both types of embryo have a white
mutant background, which prevents migration of neural crest
derived pigment cells (melanophores and xanthophores) under
the ﬂank epidermis. Thus, white mutants are more suitable for
tracing ﬂuorescent cells inside the animal than wild-type (dark,
D/) embryos whose ﬂanks become richly pigmented (Löfberg et
al., 1989; Perris and Perissinotto, 2000). Before the operations,
embryos were kept in tap water at room temperature or at 7–8 1C.
At late gastrula or early neurula stages (stages 12–13) embryos
were thoroughly washed with tap water and dejellied in sterile 1
Steinberg solution (Steinberg, 1957) containing antibiotics (Antibio-
tic–Antimycotic; Invitrogen, Karlsruhe, Germany; Ciprobay, Bayer,
Leverkusen). After dejellying, ﬂuorescent and non-ﬂuorescent
embryos were separated under UV and stored at 7–8 1C. At stages
14þ/15 the embryos were suitable for operations and used the
same or next day. Staging was according to (Bordzilovskaya
et al., 1989).
Neural crest labeling
For determining the contribution of neural crest cells to DRG,
the neural crest had to be labeled. Because an unambiguous
labeling is technically impossible as it interferes with neural tube
cells, we used neural folds from GFPþ donors and grafted them
into white hosts. Neural folds consist of prospective epidermis,
half of the entire neural crest complement and lateral neural plate.
Thus, when grafting labeled neural fold into the developing
embryos, epidermis and neural plate was labeled (GFPþ) in
addition to neural crest.
Neural fold grafting
Basic methods for neural fold grafting have been described
earlier (Sobkow et al., 2006; Epperlein et al., 2007). Because
adaptations for present operations exceeded previous efforts, meth-
ods for grafting will be described in some detail. For our research
we needed embryos with one (1nfo), two (2nfo), four (4nfo) and 0
(0nfo) GFPþ neural folds in the following combinations: 1 GFPþ
fold only; 1 GFPþ/1 white fold; 2 GFPþ folds; 4 GFPþ folds and
0 GFP folds. Controls were white embryos with 2 white (d/d) neural
folds (left in situ) or with two GFPþ grafted neural folds. Embryos
with one (1nfo), two (2nfo) and four (4nfo) GFPþ neural folds have
the half (0.5 ), normal (1 ) or double (2 ) amount of labeled
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(GFPþ) neural crest material, respectively. For operations, 1 or
2 dejellied GFPþ donor neurulae (stage 15) and 1 dejellied host
neurula (stage 15) were transferred to an agar dish (2% agar in tap
water) ﬁlled with sterile Steinberg solution and arrested in small
grooves of the agar layer. Then one or both head and trunk neural
folds of white hosts (stages 15) were extirpated with tungsten
needles and replaced with neural folds from stage-matched
GFPþ donors in order to reach the combinations mentioned above
(Fig. 1).
After the transfer, the grafted neural folds usually stick out at
their cranial and caudal ends and have to be pressed against the
embryo with a piece of glass for a proper healing. Operations of
embryos with 4 GFPþ neural folds are particularly difﬁcult and
need a special procedure. Neurulae were arranged in the center of
the agar dish, the host to the right, and the two GFPþ donors to
the left. First the left and right head and trunk neural folds of the
host were pre-separated from the underlying mesoderm using
tungsten needles. Next, each right fold of the two GFPþ donors
was pre-separated. Then the right fold of the host was extirpated
and the right fold of the ﬁrst GFPþ donor excised and grafted
homotopically on the fold-free mesoderm of the host. Then the
right fold of the second GFPþ donor was excised and placed along
the medial side of the ﬁrst GFPþ fold. Anterior and posterior ends
of both right GFPþ folds were then pressed onto the host
mesoderm with a piece of sterilized coverslip-glass. Mostly also
small areas of epidermis had to be lifted from anterior and
posterior mesoderm in order to provide more space for the
attachment of fold material. After approximately 5 min, when
the two right GFPþ folds are nearly healed in, the left GFPþ folds
of the donors were pre-separated. Then the left host fold was
extirpated and replaced with two left GFPþ folds similarly as
described for right folds. Operated embryos were grown in sterile
Steinberg solution until they can feed themselves (around stage
41). The solution was changed every day. Upon feeding the saline
was replaced with tap water. There was no evidence of loss of GFP
expression in neural crest derivatives, such as DRG.
Whole-mouhnt immunolabelling and resin embedding
Whole-mount immunolabelling and embedding into the
methacrylate resin Technovit 7100 (Heraeus-Kulzer, Wehrheim,
Germany) was performed as described (Kurth et al., 2012). In brief,
larvae and juveniles were ﬁxed in 4% buffered PFA followed by
postﬁxation in Methanol/DMSO (Dent et al., 1989). After rehydra-
tion via a graded series of methanol and PBS, the samples were
blocked in 20% normal goat serum in PBS and incubated with
primary antibodies [rabbit anti-GFP: TP 401 from Torrey Pines;
mouse anti-GFP: clone 3E6, Invitrogen; rabbit anti β-catenin: P14L,
(Schneider et al., 1996)], followed by washes in PBS and incubation
with Alexa488- and/or Alexa555-coupled secondary antibodies.
After staining, the samples were postﬁxed in 4% PFA, followed by
facultative embedding into 2% agarose/PBS to facilitate proper
sample orientation later during resin embedding. Finally, samples
were dehydrated in a graded series of ethanol and inﬁltrated with
and embedded in Technovit 7100. Consecutive sections (2 mm)
were collected on separate slides for bright ﬁeld microscopy (after
staining with 1% toluidine blue/0.5% Borax) and ﬂuorescence
microscopy (following counterstaining with DAPI and mounting
with Mowiol/DABCO). This way, tissue organization of one section
can be correlated to protein expression on the next section which
is only 2 μm apart (Kurth et al., 2012). Images were taken with a
Keyence Biozero 8000 ﬂuorescence microscope.
Immunohistochemistry
Prior to ﬁxation, animals were anaesthetized with 0.03%
benzocaine (Sigma) and both the head and tail were cut off to
allow a better penetration of the ﬁxative.
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Experimental design
Fig. 1. Experimental design. (A) GFPþ transgenic neurulae (stage 15) were used as donors of neural folds (including neural crest) for white (d/d) hosts (stage 15). Six
different experimental cases can be distinguished. (A1) White neurula with no left but one right implanted GFPþ neural fold. (A2) White neurula with the left neural fold left
in place and one right implanted GFPþ neural fold. (A3) White neurula with no left and right neural folds, but two implanted GFPþ neural folds. (A4) White neurula with no
left and right neural folds, but four implanted GFPþ neural folds. (A5) Unoperated white neurulae serving as control. (A6) GFPþ neurula with no neural folds serving as
GFPþ donor for neural fold grafting, and as a test for the possible regeneration of NC at the newly formed border between epidermis and neural plate. Embryos containing
grafted neural folds were allowed to develop, and the size of DRG pairs 4 to 6 behind the last gill arch was analyzed in cross-sections of 1 cm larvae (B and B1) and of DRG
pairs 1–3 behind the forelimbs in cross-sections of 1.5, 2 and 5 cm long juveniles (C and C1).
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Larvae (1 cm, stage 41) and juveniles (5 cm)
Trunks were ﬁxed in 4% PFA in PBS at 4 1C for 12 h and washed
3 times for 20 min in PBS. Samples were incubated in 10% sucrose
for 1 h at room temperature, then in 20% sucrose at 4 1C overnight
(ON). Thereafter, the samples were inﬁltrated ON with a solution
of 3.5% gelatin (Merck, bloom 80–120)/20% sucrose/1 PBS at
37 1C. Before sectioning, samples were placed in a solution of 7.5%
gelatin/20% sucrose/1 PBS for 30 min at 37 1C. Then they were
embedded in this solution and frozen in the desired orientation in
a cryomold on dry ice. Transverse sections (50 mm) were cut
through three consecutive DRG pairs (4–6 behind the last gill
arches in larvae and 1–3 behind the forelimbs in juveniles) and
allowed to air dry 2 h before immunolabeling.
Juveniles (1.5 and 2 cm)
Trunks were ﬁxed in 4% PFA in PBS overnight at 4 1C, washed in
1 PBS, incubated in 20% sucrose overnight at 4 1C, embedded in
Tissue-Tek (OCT compound, Sakura) and frozen on dry ice. Trans-
verse sections (10 mm) were cut through three consecutive DRG
pairs (1–3 behind the forelimb) of at least 3 animals per size
group. Every third section was collected separately to allow
simultaneous staining of the same DRG pair with different anti-
bodies.
Antibodies
DRG cells were stained with the following antibodies to
identify distinct subpopulations: anti-PCNA (Santa Cruz Sc56,
mouse monoclonal), anti-Phosphohistone H3 (Millipore 06-570,
rabbit polyclonal), anti-NeuN (Millipore MAB377, mouse mono-
clonal), SOX2 (McHedlishvili et al., 2012) rabbit polyclonal, BrdU-
Rhodamine (MPI-CGB antibody facility, clone BU20a, mouse
monoclonal, labeled with Pierces NHS-Rhodamine labeling kit)
Tuj-1 (SIGMA T2200, rabbit polyclonal and R&D systems MAB1195,
mouse monoclonal), GFAP (Millipore MAB360, mouse monoclo-
nal), GFP (Invitrogen A-11122, rabbit polyclonal), Caspase-3
(Abcam ab13847, rabbit polyclonal), HNK-1 (mouse IgM mono-
clonal, courtesy of Jeremy Brockes, London). Hoechst or DAPI (1 to
500) was used to label cell nuclei and Propidium iodide (PI, Sigma)
to stain whole larvae (1 cm; 0.25 mg/ml for 48 h).
In situ hybridization
Consecutive transverse sections (10 mm) of OCT or parafﬁn
embedded samples, were cut through trunks of axolotl larvae
and juveniles as desired. The glass slides containing tissue sections
were washed 3 times for 10 min in PBS/0.1% tween. The probe
(Sox10) was diluted 1–2000 in hybridization buffer (50% forma-
mide, 10% dextran, 5x SSC, 0.1% tween, 1 mg/ml yeast RNA, 100 mg/
ml heparin, 1 Denhardt's, 0.1% CHAPS and 5 mM EDTA) and left
at 70 1C for at least 15 min to denature. Then the slides were
placed into the container with the denatured probe and left to
hybridize overnight at 70 1C. Following overnight incubation with
the probe, slides were washed 3 times for 1 h and then overnight
at 70 1C in 50% formamide, 5 SSC, 0.1% tween in a single glass
container. On the next day, the slides were washed 2 times for 1 h
in 50% formamide, 2 SSC, 0.1% tween at 70 1C. Then they were
washed two times for 5 min and once for 20 min at room
temperature in MAB buffer (100 mM Maleic acid pH 7.5 with
NaOH, 150 mM NaCl, 0.1% tween) in a glass container. Then, a
blocking step of 1 h at room temperature in MAB buffer and 1x
blocking reagent was performed. The anti-DIG antibody was
diluted 1–5000 in this blocking solution and the slides were
allowed to incubate with it overnight at 4 1C or 2 h at room
temperature. Afterwards, the slides were washed 5 times for
10 min in MAB buffer and then 2 times for 10 min in freshly
prepared AP buffer (100 mM TRIS pH 9.5, 50 mM MgCl2, 100 mM
NaCl, 0.1% tween). Then, the slides were overlaid with BM purple
and incubated overnight at 37 1C protected from light. To stop the
reaction, cold PBS/EDTA was used to wash the slides 5 times for
10 min each. Finally, slides were mounted with 50% PBS/glycerol
and imaged.
Counting pre-migratory neural crest cells in 1nfo, 2nfo and 4nfo
embryos (stage 28)
For counting the number of GFPþ trunk neural crest cells in
the pre-migratory position of 1 nfo, 2 nfo, and 4 nfo embryos,
white (d/d) hosts (stage 15) with 1, 2 or 4 grafted GFPþ neural
folds (see “Neural fold grafting”) were allowed to develop to stage
28. At this stage neural crest migration has not yet commenced.
Mid-trunk fragments containing about ﬁve to seven somite pairs
were excised and ﬁxed with 4% PFA and Dent's ﬁxative, stained as
whole mounts with antibodies against GFP and β-catenin, and
embedded into resin (see above). Transverse sections (2 mm) were
cut in a cranio-caudal direction and stained with DAPI (see above).
Images were taken on an Olympus 61VS microscope. To determine
the average number of NC cells each 9th section was counted to
prevent repetitive counting of the same cells. The distance
between sections was 16 mm. Neural crest cells were counted over
a total length of 160 mm (200 mm is the mean segment length of
one mid-trunk somite). All cells dorsal to the neural tube, and
ventral to the two-layered epidermis above the tube that had a
rounded or polygonal shape and were not integrated in the dorsal
neural tube were regarded as neural crest.
Measurements of DRG sizes
Consecutive transverse sections (50 mm through 1 cm long
larvae and 5 cm long juveniles and 10 mm through 1.5 and 2 cm
long juveniles) were stained with anti-GFP, anti-GFAP and DAPI
and imaged with an LSM 510 (Zeiss, Germany). Optical slices were
produced across the entire thickness of the section. In 1 cm long
larvae the size of DRG was measured by determining total cell
numbers of DRG pairs 4–6 behind the last gill arches. We chose to
start with the 4th DRG pair in order to keep consistency in the axial
level of the DRG to be analyzed, since the 1st DRG pair could be
missed accidentally in animals of this size. In juveniles (1.5 cm and
longer) the size of DRG pairs 1–3 behind the forelimbs was
measured by determining the DRG volume. For this purpose in
each section containing DRG tissue the DRG area was measured
and multiplied by the section thickness. Then the DRG volumes of
all sections cut through pairs 1–3 behind the forelimbs were
summed up. The obtained values were normalized and are
represented as arbitrary units (a.u.).
Number, size and density of DRG cells
Number
10 mm sections cut through DRG pairs 1–3 behind the forelimbs
of 1.5 and 2 cm juveniles were collected in triplicate (see above), i.
e., on 3 separate slides. In order to estimate the total number of
cells positive for a selected marker within a DRG the total number
of positive cells found in a DRG was multiplied by 3. This would
give approximately the real number of positive cells within one
DRG for each selected marker.
Size
The average volume per cell was calculated and used as a
measure of cell size. For this purpose the total DRG volume was
divided by the number of all cells (total nuclei counted).
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Density
For determining cell density the converse calculation was
carried out. Here the total cell number was divided by the ﬁnal
DRG volume.
Measuring individual cell proﬁles
The perimeter and area of individual cells, positive for either
SOX2 (n¼60 in control and n¼29 in 1nfo GFPþ) or βIII-tubulin
and NeuN (n¼100 in control; n¼67 in 1nfo GFPþ) were measured
using Fijis software (Schindelin et al., 2012) according to image
pixel size. Several sections across 3 DRG pairs of 3 animals per
group were used.
Measurement of body axis length
After carefully orienting anaesthetized axolotl juveniles and
their limbs with the dorsal (posterior) side facing upward, bright
ﬁeld and ﬂuorescence (when necessary) images were acquired
using an Olympus dissecting microscope coupled to a digital
camera. After image acquisition, information about pixel size,
according to the magniﬁcation used was carefully noted. Then,
using Fijis (Schindelin et al., 2012), a line was drawn from mouth
to tail tip on each image and body axis length was carefully noted.
Length of cell cycle
Cumulative Bromodeoxyuridine (BrdU) labeling was used to
determine the length of the cell cycle in two distinct cellular
subpopulations of DRG, the dorsomedial (DM) and the ventrolat-
eral (VL) one. Axolotl larvae of 1.5 cm length (mouth to tail) were
anaesthetized in benzocaine and injected intraperitoneally with
70 mg of BrdU per gram of weight at 24-hour intervals. For
injections glass needles were used that were coupled to a micro-
manipulator and an air pressure pico pump. Several timepoints (in
hours) were selected for collection (T0, T24, T48, T72, T96, T120,
T288, and T360) and animals sacriﬁced 1 h after each injection. For
each timepoint 3 animals were collected, and the total number of
BrdU-labeled and -unlabeled cells was counted in every third
section (10 mm) through DRG pairs 1–3 behind the forelimb in
each animal. Then separate tabulations for DM and VL subpopula-
tions were made. Duration of total cell cycle length (Tc), S-phase
(Ts) and growth fraction were calculated as in Nowakowski et al.
(1989).
Cell pulse chase
In order to determine whether cells divided more than once
between two timepoints, double labeling with BrdU and 50-
ethynyl-20-deoxyuridine (EdU) was performed. Animals of each
experimental condition were injected with a saturating pulse
(labeling all cells in S-phase at the time of injection; i.e., 330 mg/
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Fig. 2. Topography of DRG in developing axolotls (1 cm larvae; 1.7–2.5 cm juveniles). (A) Midtrunk portion of horizontal section through the trunk of a 1.7 cm long juvenile
at the level of the spinal cord (sc) showing location and metameric arrangement of two pairs of dorsal root ganglia (DRG) and sclerotome-derived cartilage nodules (cart)
with respect to myotomes (my). DRG are localized preferentially in an anterior, cartilages in a posterior position with respect to myotomes. Black arrowheads indicate
myotome boundaries. (B–C) Transverse sections through the midtrunk of a 1.7 cm long juvenile showing DRG (B) and cartilage (C) at the junction between spinal cord and
notochord. (A–C) are plastic sections stained with Toluidine Blue. Images (A–C) were acquired under the same magniﬁcation; scale bar is 100 mm. (D) In silico segmental
reconstruction of DRG pairs 1–3 (yellow) with respect to myotomes (green), cartilage (cyan), and spinal cord (magenta) in a 2 cm juvenile (d/d); dorsal view. DRG occur
always at the anterior half of each myotome whose anterior borders are marked with white arrowheads. (E) Schematic illustrating the transplantation of a left neural fold
from a GFPþ donor (stage 15) into a white (d/d) host for analyzing precisely the 3D position of DRG in wholemounts (1 cm larva). (F) Optical slice of such a wholemount
(1 cm larva) in the LSM showing three left consecutive DRG at the rostral edge of each myotome and ventrolateral to the spinal cord (sc). The larva was made transparent
with glycerol/buffer (1:1) to provide an insight to DRG through epidermis and myotmes. DRG contain mainly GFPþ cells, which were enhanced by staining with anti-GFP;
surrounding tissues were stained with propidium iodide (PI). Scale bar is 100 mm. (G) Three-dimensional reconstruction of 3 left DRG in a 2.5 cm juvenile using single plane
illumination microscopy (SPIM). Myotomes were manually extirpated and the wholemount was stained with anti-Tuj-1 that labels spinal cord and DRG neurons. DRG have a
spindle shape. Abbreviations: cart, cartilage; DRG, dorsal root ganglia; my, myotome; not, notochord; sc, spinal cord; and sn, spinal nerve.
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g of weight) of BrdU at 1.2 cm (20 mg in total), and grown to 1.7 cm.
Then they were injected with 33 mg of EdU per g of weight and
sacriﬁced 2 h later.
Statistical analyses
In order to ascertain the differences between experimental and
control conditions (all animal lengths) we performed a two-way
ANOVA with multiple comparisons, using both Microsoft Excels
and GraphPad Prism 6.0©©, having as independent variables
(1) axial level (DRG position along the anterior–posterior axis)
and (2) experimental groups (number of neural folds in each
condition). Further differences between quantitative variables
were evaluated through student's T-test on Excel. Statistical
signiﬁcance was considered with p values from r0.05 onwards.
Results
Topography of DRG in developing axolotls (1 cm larvae;
1.7–2.5 cm juveniles)
We ﬁrst characterized the location, size and shape of DRG
because no recent data on DRG development in axolotl were
available. On horizontal sections through 1.7 cm long juveniles
(white control animals with 2 neural folds) DRG were located
mostly at an anterior position and less frequently at a middle
aspect of the myotome. Sclerotome-derived cartilage (nascent
material for vertebrae) always occurred at the caudal myotome
(Fig. 2A). On transverse sections through the midtrunk of juveniles
(same length as in 2A), DRG lie in a wedge between myotome,
spinal cord and notochord and have a “spindle-like” shape
(Fig. 2B). They alternate with cartilage localized in a similar but
more caudal position (Fig. 2C). For better characterizing the spatial
relationship between DRG and cartilage we made a 3D reconstruc-
tion (Preibisch et al., 2010) of serial sections through the midtrunk
of a juvenile (2 cm). From a dorsal aspect DRG and cartilage
alternate along the trunk (Fig. 2D).
To rule out potential errors that might occur through oblique
sectioning, the location of DRG was also investigated in whole-
mounts of 1 cm long larvae. Knowledge of the true position of DRG
and cartilage was essential for recognizing irregularities of NC
distribution and DRG formation in embryos with under- or over-
supply of NC (1nfo and 4nfo animals). For recognizing NC cells in
larvae made transparent with 50% glycerol, their left neural fold
was replaced with a left fold from a GFPþ transgenic donor at the
neurula stage (Fig. 2E). In the transparent larvae the developing
GFPþ DRG had always coalesced at the anterior half of each
myotome and ventrolateral to the spinal cord (Fig. 2F). Moreover,
to study the 3D-structure of DRG in juveniles (2.5 cm) in situ, we
imaged DRG using single plane illumination microscopy (SPIM)
(Preibisch et al., 2010). Following extirpation of the trunk myo-
tomes, the wholemounts were stained with anti-β-III tubulin
(Tuj-1) that labels spinal cord and DRG neurons. At this stage the
DRG showed a spindle-like shape from a postero-lateral point of
view, and morphology resembling a bunch of grapes from a lateral
perspective (Fig. 2G).
Major differentiation occurs in DRG of 2 cm long juveniles
Cell cycle exit occurs from 2 cm onwards
In order to demonstrate the contribution of different cell
populations during DRG size regulation, we ﬁrst had to determine
the major time points of DRG cell proliferation and differentiation.
In the chick at least two distinct neuronal subpopulations have
been described within DRG: (1) Large diameter neurons that
express tyrosine kinase receptors B and C (TrkB, TrkC), and are
located ventrolaterally and born earlier in development, and
(2) smaller dorsomedial TrkAþ neurons that have a later onset
for both proliferation and target mediated apoptosis (Le Douarin
and Kalcheim, 1999).
In the axolotl such markers that might reveal similar DRG
populations are not available. Thus, in order to identify the onset
of neurogenesis in axolotl DRG, we performed PCNA immunohis-
tochemistry to simply distinguish between cycling and non-
cycling cells. We divided the DRG into dorsomedial (DM) and
ventrolateral (VL) regions using the dorsoventral (DV) axis of the
spinal cord as a reference line. In this manner, DRG areas located
within 451 left or right from the vertical spinal cord axis (901),
would be DM and those outside would be VL regions of the DRG,
respectively (Fig. 3A). Also, morphological differences between
these 2 regions were taken into account. DM cells are smaller and
more tightly packed, in contrast to VL cells which have a larger
cell body.
We counted the number of PCNA-positive cells in DRG of 1, 1.5,
2 and 2.5 cm long animals. In 1 cm animals most of the cells are
proliferating (82.571.2%) and no DM or VL regions are discernible
yet. Therefore only data from 1.5, 2 and 2.5 cm animals were
considered, where a distinction into DM and VL regions could be
made. In 1.5 cm animals both regions show comparable prolifera-
tion (DM 70713.3%, VL 69.8715.2%) in all 3 DRG pairs analyzed,
whereas from 2 cm onwards a signiﬁcant (po0.001) decrease in
proliferation (i.e. cell cycle exit) is observed in the VL versus the
DM area (Fig. 3B and C–F). This suggests that an onset of
differentiation based on cell cycle exit occurs predominantly in
the VL area from 2 cm onwards.
DRG cells divide at least once in animals growing from 1.5 cm to 2 cm
Next, we wanted to get an approximation of the number of
times that a given cycling cell divides before it acquires its post-
mitotic fate. We used 1.5 cm long animals as a starting point for
cumulative BrdU injections. We collected samples at 24-hour
intervals, and the number of BrdU-labeled cells over the total
number of cells was calculated. Separate tabulations were made
for DM and VL areas of each DRG. Cell cycle parameters were
determined (see Methods) as previously described (Nowakowski
et al., 1989). The duration of the total cell cycle calculated for DM
cells was 273.62 h (11.4 days), with an S-phase of 164.81 h and an
average growth fraction of 0.61 (Fig. 3G). VL cells, on the
other hand, had a total cell cycle length of 200.62 h (8.3 days),
Fig. 3. Onset of major cell differentiation in DRG of control axolotl juveniles occurs by 2 cm. (A) Schematic showing location of dorsomedial (DM, purple) and ventrolateral
(VL, yellow) cell populations within DRG, on transverse sections through upper trunk of a (2 cm) juvenile. (B) Box plot distribution of PCNA expression in DM (purple) and
VL (yellow) regions of DRG in 1.5, 2 and 2.5 cm long juveniles. Green rhomboids represent mean values. (C–F) PCNA immunohistochemistry of DRG in animals of 1 (C), 1.5 (D),
2 (E) and 2.5 cm (F) length. DRG are circumscribed with a white line; where obvious, DM and VL populations are separated by a dashed line. (G–H) BrdU labeling indices of
DM (G) and VL cells (H) in 1.5 cm long animals (time zero). Red line indicates the least square ﬁt for a one population model (described in Nowakowski et al. (1989). Total cell
cycle length (TC), duration of S-phase (TS) and growth fraction (GF) are indicated in the table (top right corner). Magenta line indicates animal growth, with average animal
size indicated at selected time-points. The black vertical line that intersects the x axis indicates when animals reach 2 cm average length. The black arrows point to the
number of cell cycles that could occur for each population. (I–T) Staining of DRG in 2 cm control juveniles with different antibodies (only one DRG is shown): (I–K) anti-PCNA
(red) and anti-SOX2 (green); (L–N) anti-NeuN (red) and anti-SOX2 (green); (O-Q) anti-GFAP (red) and anti-βIII-tubulin (green); (R–T) anti-SOX2 (red) and anti-HNK1 (green).
Cell nuclei were labeled with Hoechst. Abbreviations: DRG, dorsal root ganglia; my, myotome; not, notochord; sc, spinal cord. ***po0.0001 relative to DM. Error bars are
7St.Dev. Scale bar is 50 mm.
A. Zarzosa et al. / Developmental Biology 394 (2014) 65–82 71
an S-phase of 129.28 and, as expected, a growth fraction of 0.51
(Fig. 3H). With these results one should bear in mind that the VL
population is undergoing signiﬁcantly more differentiation than
the DM one. Therefore, the saturation point of cumulative BrdU
injections may appear to occur earlier. No corrections were made
by using other markers to detect either cycling cells (e.g., PCNA) or
differentiated ones (e.g., NeuN). In addition, we also tracked the
growth of these animals throughout the experiment and observed
that, on average, it takes about 11.25 days for animals to grow from
1.5 cm to 2 cm. Under the assumption that the calculated cell cycle
durations are true, DM cells would be able to divide at least once
in this period of time, while VL cells could undergo approximately
1.3 cell divisions (see Fig. 3G and H). Thus, at least one full cell
division of all DRG cells can take place while growth from 1.5–
2 cm occurs.
Different cellular subpopulations are present in axolotl DRG
We decided to further characterize the cellular subpopulations
that arise in DRG around the major onset of differentiation in 2 cm
long animals (a distinction into DM and VL regions was not made).
We observed that in animals of this length the presence of the
neuronal progenitor marker SOX2 is distributed at the surface of
DRG (Fig. 3I). All SOX2 positive cells are also PCNA positive, but
the reverse does not apply (Fig. 3J–K). Moreover, SOX2þ cells
and NeuNþ cells can be observed within the same DRG, but
both antigens are mutually exclusive. This indicates the
presence of both progenitors and terminally differentiated neu-
rons (Fig. 3 L–N).
Using a monoclonal anti-GFAP antibody, positive cells could be
found at the periphery of the DRG, similar to PCNA-positive cells,
which suggests that they may represent a population of cycling
cells (Fig. 3O). To determine the presence of newly born, i.e., not
fully post-mitotic neurons, we used an anti-βIII-tubulin (TuJ-1)
antibody. Positive cells localized mainly in the central and ven-
trolateral area of the DRG of 2 cm juveniles, which further
supports an onset of neurogenesis at this stage (Fig. 3O–Q). Finally
the neural crest marker HNK-1 (Vincent et al., 1983; Tucker et al.,
1984) was tested, together with SOX2, following the assumption
that these populations would partially overlap. This would indi-
cate a transition from an uncommitted progenitor (HNK-1 posi-
tive) to a committed one (SOX2þ) (Cimadamore et al., 2011).
However, no overlap was found, but rather we observed a
neuronal-like pattern for the HNK-1 positive cells (Fig. 3R–T).
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Fig. 4. Pre-migratory neural crest cells in stage 28 axolotl larvae with one, two or four GFPþ neural folds. Transverse sections through the mid-trunk of stage 28 embryos
containing one (A1–A4), two (B1–B4), or four (C1–C4) GFPþ neural folds. Cells were stained with anti-GFP (A2, B2, and C2) in order to label the grafted material and with β-
catenin (A3, B2, and C3) to deﬁne cell borders. Bottom panel (A4, B4, and C4) shows a graphic representation of cells dorsal to the neural tube and ventral to the two-layered
epidermis (depicted in green) that had a rounded or polygonal shape, and were deﬁned as “neural crest”. This result shows that 1nfo and 4nfo animals have correspondingly
less and more neural crest cells, respectively. Therefore compensation of the initial NC material cannot have occurred before the onset of NC migration. Scale bar is 100 mm.
Abbreviations: nt, neural tube; and not, notochord.
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Moreover, the SOX2þ cells usually surrounded HNK-1 positive
cells, similar to the way they surrounded mature NeuNþ neurons.
To test whether HNK-1 detects neuronal cells we performed HNK-
1 staining together with TuJ-1 and found that these antigens
almost perfectly colocalized (not shown). This indicates that in the
axolotl HNK-1 may not detect earlier (pluripotent) NC progenitors
in DRG of 2 cm long animals, as it similarly occurs for the rat
enteric nervous system (Newgreen et al., 1996). In summary, these
ﬁndings conﬁrm the presence of different cellular populations
(e.g., neurons, glia, progenitors) within juvenile axolotl DRG
and indicate that their development continues beyond the larval
stages.
Undersupply and oversupply of NC material are not regulated before
NC migration
In order to study mechanisms of size control, using the axolotl
neural crest as model system, we performed neural fold trans-
plantations from GFPþ transgenic embryos to white mutant hosts.
To elucidate whether up-regulation of deﬁciencies or down-
regulation of excess tissue could be achieved, we provided
embryos with half or double the normal amount of neural crest.
For this purpose, we grafted either one or four GFPþ neural folds
to create such conditions, or two GFPþ neural folds to use as
controls (see Fig. 1).
To determine whether white neurulae containing 1 or 4 grafted
GFPþ neural folds adjust their numbers of neural crest cells to
control levels before NC migration begins, we counted NC cells
along a 160-mm mid-trunk segment in embryos at a pre-migratory
NC stage (st. 28). Embryos with one GFPþ neural fold had
approximately 30% fewer cells than controls with two GFPþ
neural folds (Fig. 4A and B). In contrast, animals with four GFPþ
neural folds had more than three times as many cells as controls
(po0.05; Fig. 4B and C and Table 1); also a cranio-caudal decrease
in cell numbers was observed in this group (Fig. S1 and Table S1).
This indicates that neither the deﬁciency, nor the excess of initial
NC material was regulated before migration commenced.
Up-regulation of DRG size is accompanied by delayed neurogenesis
DRG size compensation occurs in conditions of initial NC undersupply
In order to study the mechanisms of DRG size up-regulation,
we produced embryos with half of the normal amount of pre-
migratory NC material (1nfo GFPþ; see Fig. 1). We then measured
the size of 3 consecutive DRG pairs in animals of different lengths
with half the amount of NC and compared them to animals with
2 GFPþ neural folds as controls. First the DRG size was analyzed in
1 cm larvae (stage 41), since at this stage the ﬁrst representative
coalescence of DRG at the ventrolateral margin of the spinal cord
can be observed (Epperlein et al., 2007). The total number of cells
per DRG was determined in ganglionic pairs 4–6 behind the last
gill arch. Left and right DRG were paired by axial level since no
signiﬁcant difference was found in any group at any axial level
between corresponding pairs of each animal (see Figs. S1 and S2).
Axolotl larvae with half the NC material developed DRG 70%
smaller than each control group (2nfo GFPþ and 2nfo d/d;
po0.0001); control animals had almost 4 times more cells per
DRG than 1nfo. These results indicate that one grafted neural fold
produced an initial undersupply of migratory NC from which
smaller DRG were formed in 1 cm larvae. Therefore, the under-
supply was neither regulated before (Fig. 4; Table 1) or during NC
migration, nor during coalescence into nascent DRG (Fig. 5A).
We next examined DRG size in older 1nfo animals 1.5 cm (1nfo
GFPþ n¼4, 2nfo GFPþ n¼3) and 2 cm long (1nfo GFPþ n¼3,
2nfo GFPþ n¼3), assuming that the onset of major cell differ-
entiation at this length (see Fig. 3) could be important for
regulating DRG size in animals with NC undersupply. In 1.5 cm
long juveniles with 1nfo, DRG pair 1 was still signiﬁcantly smaller
than the control (po0.001). Nonetheless, DRG pairs 2 and
3 already showed comparable cell numbers (Fig. 5B) and volumes
(not shown) in both groups. DRG sizes in 2 cm long animals
showed no signiﬁcant differences between control and experi-
mental groups anymore, and this held true at all axial levels
analyzed (Fig. 5C). Likewise, in 5 cm long animals, DRG size of both
groups was comparable, as measured by DRG volume (Fig. 5D).
These measurements at 1.5, 2 and 5 cm lengths show that DRG
size compensation in conditions of initial undersupply of NC
occurs by 2 cm length.
Are increases in cell size or cell numbers playing a role?
We assessed whether an increase in cell size (hypertrophy) or
cell number (hyperplasia) in the DRG was responsible for size
compensation. Since we had counted the total cell number and
calculated the DRG volume as well, an average cell volume (i.e.,
cell size) could be calculated by dividing the determined DRG
volume by its total number of cells. Moreover, we also calculated
cell density, i.e., how tightly packed the cells are within the DRG,
by performing the converse calculation (number of cells per unit of
volume). However, no difference in average cell size (not shown)
or cell density (not shown) was found when comparing DRG of
control and 1nfo groups in both 1.5 and 2 cm long animals at the
axial levels analyzed.
We then investigated other possibilities where subtler cell size
differences could contribute to compensation. For example, it has
been reported that intrinsic cell size differences exist between
different cell types within the same tissue (Fricker et al., 1999). For
instance, in Hydra, faster cycling stem cells tend to be smaller in
size than differentiating ones (Holstein and David, 1990). With this
in mind, we measured individual cell proﬁles of neuronal pro-
genitors (i.e., SOX2þ cells) and neurons (βIII-tubulinþ and
NeuNþ cells) in 2 cm long animals with normal (2nfo GFPþ ,
n¼3) and half (1nfo GFPþ , n¼3) NC supply. In both groups,
neurons were signiﬁcantly (po0.001) bigger than progenitors
(Fig. 5I). No signiﬁcant size differences were found between
experimental groups when comparing cells positive for the same
marker. This data show that different cell types have distinct
intrinsic cell sizes, and in this particular case, neurons have a
bigger size than SOX2þ neural progenitors.
Next, we wanted to assess whether the size up-regulation of
DRG was due speciﬁcally to an increase of cell proliferation in DRG,
or if it also affected the overall growth of the animal. For this
purpose we used an anti-PCNA antibody to label all cycling cells,
and anti-Phospho-histone 3 (PH3) to identify mitotic ﬁgures
within the DRG. In this way, not only could we quantify the
proportion of overall proliferation but also establish a readout of
possible changes in the cell cycle by calculating the percentage of
Table 1
Number of NC cells in embryos at a pre-migratory NC stage (stage 28) with one,
two or four GFPþ neural folds. NC cells were counted on top of the neural tube
along a 160-mm long mid-trunk segment (about 75% of an entire somite segment).
Ratio to control was calculated and remained consistent for both the mid-trunk
segment and for cell numbers within each individual section. Cell numbers7-
standard deviation (St.Dev) are indicated. Student's t-test *po0.05.
NC cells in 1nfo-, 2nfo- and 4nfo embryos (st. 28)
1nfo (n¼4) 2nfo control (n¼2) 4nfo (n¼3)
Total cells 33.8710.2 47.5717.7 18479.8*
Cells/section 3.4 4.8 18.4
Ratio to control 0.71 1 3.87
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PH3þ cells over total PCNAþ cells. Moreover, total animal length
was measured through time in order to assess overall growth. No
difference in overall body growth (i.e. cranio-caudal axis elonga-
tion) between groups was found (not shown). Next, we focused on
the ﬁrst DRG pair of 1.5 cm long animals. In animals of this size
with an initial undersupply of NC, DRG1 is still signiﬁcantly
smaller than the corresponding pair in controls (see Fig. 5B).
DRG1 of both groups showed comparable levels of proliferation,
both as percentage (not shown) or absolute numbers of PCNAþ
cells at each animal length investigated (Fig. 5J). Moreover, the
percentage of mitotic ﬁgures did not show any signiﬁcant differ-
ence either, with 1.870.42% in control and 1.4371.08% for 1nfo
(not shown), however, changes in cell cycle parameters cannot be
ruled out.
More new neurons are generated in 1nfo animals
We then wanted to identify possible cell populations respon-
sible for the size increase of DRG in 1nfo animals. We already
knew that major differentiation of DRG begins in 2 cm long
juveniles (Fig. 3). Therefore, we hypothesized that neurogenesis
could be delayed in the 1nfo group. We collected serial sections
and established 3 sets of marker combinations, exactly as those
used for the initial characterization of DRG development in a
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Fig. 5. More proliferative divisions accompany size up-regulation of DRG in 1nfo axolotls. (A–C) Total cell number in DRG pairs 1–3 behind the last gill arch of 1 cm larvae (A)
or pairs 1–3 behind the forelimbs of 1.5 cm (B) and 2 cm (C) juveniles with 2nfo GFPþ (dark bars) and 1nfo GFPþ (white bars). (D) Volume of DRG pairs 1–3 behind the
forelimbs of 5 cm long juveniles, represented in arbitrary units (a.u). (E–H) Detailed views of DRG1 of 1.5 cm (E, G) and 2 cm (F, H) long juveniles of each experimental group
(2nfo GFPþ and 1nfo GFPþ). (E, F) Total number of anti-SOX2þ (yellow), NeuNþ (red), and SOX2-negative/NeuN-negative (green) cells; average cell number right to each
color-coded bar. (G, H) Total number of cells positive for βIII-tubulin (red), GFAP (yellow), βIII-tubulin/GFAP double positive cells (blue) and Hoechst (green); cell number
right to each color-coded bar. (I) Average cell areas in square microns of SOX2þ progenitors (yellow) and βIII-tubulin or NeuNþ neurons (red) in animals with normal (left,
2nfo GFPþ) or half (right, 1nfo GFPþ) of initial NC supply at 2 cm length. Green rhomboid represents the mean value. (J) Total number of anti-PCNA positive cells in DRG1 of
2nfo GFPþ (dark bars) and 1nfo GFPþ (white bars) juveniles at 1.5 and 2 cm length. (K) Box-plot distribution of the percentage of double positive cells (BrdUþ/EdUþ) of
total BrdUþ cells in DRG pairs 1–3 behind the forelimbs of 1.7 cm long juveniles with 2nfo GFPþ (dark) and 1nfo GFP (white). A BrdU pulse was given to 1.2 cm long larvae,
which after having grown to 1.7 cm received an EdU pulse for 2 h prior to sample collection. Timeline above the graph shows animal size (bottom) and time in days (top)
pertaining this experiment. Red rhomboid indicates the mean. (L) Detection of BrdUþ (red) and EdUþ (green) cells through immunohistochemistry on DRG of 1.7 cm long
animals with half (1nfo GFPþ , top) and normal (2nfo GFPþ , bottom) NC supply. White arrowheads indicate BrdUþ/EdUþ double positive cells. Stars indicate BrdUþ ,
double arrowheads EdUþ cells. Scale bar 15 mm. Error bars are7St.Dev. “p” Values are indicated relative to control as follows: npo0.05, nnpo0.001 nnnpo0.0001, and
Student's t test.
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control scenario (see Fig. 3). In this manner we had consecutive
DRG sections, each stained with a different marker combination.
First, we used anti-SOX2 antibodies to detect neuronal progeni-
tors, and anti-NeuN to label mature neurons. Strikingly, 1nfo
animals had signiﬁcantly less neuronal progenitors than 2nfo at
1.5 cm (po0.001), with no signiﬁcant differences in the number of
mature neurons (Fig. 5E). Moreover, the difference between the
experimental and the control group in the SOX2þ population
persisted when the number of these cells was analyzed in DRG of
2 cm long animals. At this point DRG of both groups showed
comparable total cell numbers and DRG volumes. However, the
number of SOX2þ cells in 1nfo animals was almost half of that in
controls (po0.005). No differences in the number of mature
neurons were observed (Fig. 5F).
Next, we wanted to identify the SOX2-negative/NeuN-negative
population by probing with a different combination of markers.
We hypothesized that glial cells could contribute to the compen-
sation, as both after injury and during regeneration of the nervous
system cells with glial identities play crucial roles (Ramon-Cueto
et al., 1998; Hanani, 2005; Fausett and Goldman, 2006; Kyritsis et
al., 2012). Therefore, anti-GFAP was used as a general glial marker
and was combined with anti-βIII-tubulin (TuJ-1), in order to
identify newly born neurons. No signiﬁcant difference was
observed in the GFAPþ population at either timepoint between
1nfo and control groups. However, signiﬁcantly fewer (po0.05)
young neurons were observed in 1.5 cm long 1nfo animals than in
controls, as evidenced by the number of βIII-tubulin-positive cells.
However at 2 cm, no differences in the number of βIII-tubulin
positive cells were found for either group, indicating that almost a
two-fold increase in the total number of neurons was generated in
1nfo when compared to 2nfo (Fig. 5G and H). Taking into account
that βIII-tubulinþ cells are actually bigger than SOX2þ ones (see
Fig. 5I), the compensatory neurogenesis observed could be a more
effective mechanism to increase the missing cell mass in 1nfo DRG.
Initial calculation of average cell volume showed no contribution
from cell size to DRG up-regulation (see above). Thus, the
contribution of individual cell sizes (i.e., neurons) to volume
increase can be neglected when only an average cell volume is
calculated.
Up to this point, the array of markers used was not compre-
hensive enough to identify the cycling cells that had not been
labeled with the neuronal progenitor marker SOX2 (PCNAþ/
SOX2 population). Therefore, two PCNAþ populations are likely
to be present in DRG of 1nfo animals: a PCNAþ/SOX2þ and a
PCNAþ/SOX2 one. The latter could be postponing or simply
bypassing SOX2 expression. These unidentiﬁed progenitors would
expand the neuronal pool upon differentiation, in a similar
manner as the transient amplifying progenitors (TaPs) described
in the sub-ventricular zone (SVZ) of rodents do (Kazanis, 2009).
Cells divide at least once more in DRG of 1nfo animals
The results described above suggest two possibilities of regula-
tion. First, that new neuronal progenitors were provided from a so
far unidentiﬁed source. For example, newly migrating NC cells
coalescing into the DRG. Second, that the “unlabeled” population
(PCNAþ/SOX2) alone or together with the SOX2þ cells could
represent a progenitor subpopulation that undergoes an expan-
sion, which correlates with the generation of newly born neurons.
In other words, those cells would undergo more proliferative, self-
renewing divisions, postponing their differentiation, and together
would contribute to size compensation.
In order to test the ﬁrst possibility, we performed anti-GFP
staining to detect cells from the grafted NC material. However, we
found no cells present along the ventromedial route of NC
migration in either experimental group at any animal length
analyzed (data not shown). To further assess this possibility we
performed in situ hybridization using a Sox10 riboprobe, a known
marker for migrating neural crest cells (Cheng et al., 2000).
Likewise, we did not observe any Sox10þ cells along the ventro-
medial route of NC migration (data not shown) in either experi-
mental group, indicating that this may not be a mechanism
contributing to size compensation of DRG in 1nfo animals.
To test the second possibility, i.e., the higher proliferative
potential of DRG cells in the 1nfo group, we decided to label
DRG cells with BrdU and EdU at two time-points. In this manner
we would expect more double positive cells in the 1nfo than in the
control group. For this purpose a single pulse of BrdU was given at
1.2 cm, and the animals were grown to 1.7 cm, given an EdU pulse
and ﬁxed 2 h later. There were more double positive cells in 1nfo
(n¼4; 26.47711.4%) than in 2nfo (n¼3; 10.5477.0%; po0.0001)
among the total BrdUþ cells. This indicates that during size up-
regulation some cells divide at least once more in DRG of animals
generated with an initial undersupply of NC (Fig. 5K and L).
In terms of cell mass increase over time, in conditions of
undersupply of NC, 1 cm long larvae double their total cell mass,
reaching 2 cm over the course of 16–18 days. In the ﬁrst DRG pair,
for instance, the increase in total cell number from 1 cm to 2 cm
amounts to about 42 times for controls and to 140.6 times for 1nfo
animals. By dividing the process of size increase into different time
intervals, we observe the following: ﬁrst, in animals growing from
1 cm to 1.5 cm, the total DRG cell mass increases approximately
13.8 fold in controls and 27.9 fold in 1nfo animals; almost twice
the rate of control animals. This happens during the course of
6 days, and it entails a 50% increase in the total size of the animal.
Second, for animals growing from 1.2 cm to 1.7 cm, another 50%
increase occurs in total animal length over the course of 8.6 days
on average. Moreover, some cells in the 1nfo group divide at least
twice as much as control DRG cells during this time, as shown by
the double labeling with BrdU and EdU (Fig. 5K and L). Finally,
approximately 12 days are required for animals to increase
another 50% in size, from 1.5 to 2 cm.
These data seem to suggest that the cell cycle lengthens as
animals grow, because every proportional increase in animal size
leads to a similar increase in the time required to achieve it.
Similar ﬁndings have been reported for Xenopus laevis, where the
length of each phase of the cell cycle increases as development
progresses, and, in consequence, the total cell cycle length as well
(Graham and Morgan, 1966). It is possible that with this time
resolution, and without having performed cell cycle analysis in the
experimental groups, the true changes in cell cycle parameters, if
present for the phenomenon of DRG size up-regulation, cannot be
detected.
In summary, we assume that the size and deﬁcit of NC cells in
1nfo animals is detected in DRG only after coalescence. Moreover,
when such deﬁciency is detected in r1.5 cm long animals, a
group of (PCNAþ) neural progenitor cells, possibly before or after
turning on SOX2 expression, has a higher proliferative division
potential (such as that of a TaP; see Discussion), thereby con-
tributing to the compensatory expansion of the neuronal compart-
ment. Thus, over time, sufﬁcient newly born neurons and a ﬁnal
total cell mass are generated, and together they account for the
missing DRG cells by the time animals reach 2 cm length.
Down-regulation of DRG size is accompanied by apoptosis and slower
DRG and overall growth
DRG size down-regulation occurs in 5 cm long juveniles
In order to assess whether size compensation of DRG also
occurs in conditions of oversupply of NC, we performed trans-
plantations of 4 neural folds (see Fig. 1) and investigated DRG size
in 1, 2 and 5 cm long animals.
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1 cm animals
First, the cell number was counted in 3 consecutive DRG pairs
(pairs 4–6 behind the last gill arch) of 1 cm larvae. Larvae with the
double amount of NC (4nfo GFPþ , n¼3) still had up to 2.4 times
larger DRG than controls (po0.05). Thus, axolotl embryos with a
double amount of NC had not managed to regulate the excess of
NC material either before (see Fig. 4C) or during NC migration, nor
before DRG coalescence (Fig. 6A).
2 cm animals
Next, the DRG volume was analyzed in 2 cm long animals with
4nfo (n¼3) and compared to length-matched 2nfo controls (n¼3).
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Fig. 6. Size down-regulation of DRG in 4nfo axolotls is accompanied by increased apoptosis and decreased proliferation of DRG cells. (A) Total cell number in DRG pairs 1 to
3 behind the last gill arch of 1 cm larvae with 2nfo GFPþ (dark gray) and 4nfo GFPþ (light gray). (B–C) Volume of DRG pairs 1 to 3 behind the forelimbs of 2 cm (B) and 5 cm
(C) long juveniles with normal supply (2nfo GFPþ , dark gray) and oversupply (4nfo GFPþ light gray) of NC. (D) Transverse sections through the trunk of 2 cm juveniles with
2nfo (left) and 4nfo GFPþ (right); left DRG in both cases (outlined with a yellow dashed line) are stained with anti-PCNA, anti-cleaved Caspase-3 and Hoechst. White arrows
indicate apoptotic cells. Scale bar 50 mm. (E) Quantiﬁcation of Caspase-3þ cells over total cell number in 3 consecutive DRG pairs of 2 cm long juveniles with 2nfo (dark
squares) and 4nfo GFPþ (light gray triangles). (F) Quantiﬁcation of PCNAþ cells over total in dorsomedial (DM) and ventrolateral (VL) areas of DRG1 in 2nfo control (dark
gray) and 4 GFPþ nfo (light gray) animals of 2 cm length. (G) Overall growth of 2nfo control animals (dark squares) and 4nfo GFPþ animals (light gray triangles) over time.
Error bars are7St.Dev. npo0.05, nnpo0.001, nnnpo0.0001, and Student's t test.
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At all axial levels, DRG of 4nfo were still signiﬁcantly larger than in
controls (po0.05; Fig. 6B).
5 cm animals
Because size compensation of DRG in 4nfo animals did not
occur at 1 and 2 cm length we arbitrarily chose longer animals of
5 cm length, in which potentially more time and chances for
compensation were given. At 5 cm length the animals had regu-
lated their DRG size to control levels (non-operated 2nfo d/d
controls). There was no signiﬁcant difference between groups in
DRG volume at all levels analyzed (Fig. 6C). This result shows that
DRG size is regulated by 5 cm in conditions of oversupply of NC.
Increased apoptosis and decreased cell proliferation are observed
during DRG size down-regulation
In addition to determining the cell number, we also investi-
gated the average size and density of DRG cells in 4nfo animals at
2 cm length. We chose this length because the DRG volumes in the
4nfo animals are still signiﬁcantly larger and thus, a possible
mechanism could be found more easily. However, we found no
signiﬁcant difference in average cell size or cell density in both
groups (data not shown). We next wondered if the compensation
in size of DRG was due to a reduction in the proliferation rate, an
elimination of excess cells, or a combination thereof. Therefore, we
quantiﬁed both PCNAþ and Caspase-3þ cells over total in DRG of
both groups at 2 cm length (Fig. 6D–F). Apoptosis was signiﬁcantly
(po0.001) increased in DRG of the 4nfo group at all axial levels
analyzed, with an average of 0.6270.1% Caspase-3þ cells in 4nfo
and 0.0770.02% in control, i.e., almost 10-fold more in the former
(Fig. 6E). Moreover, we observed signiﬁcantly less proliferation in
DRG of animals with 4nfo, in both overall DRG cell proliferation
(not shown), and when DRG were divided into dorsomedial
(DM, po0.005) and ventrolateral (VL, po0.001) cellular regions
(Fig. 6F). This suggests that both proliferation and apoptosis are
involved in adjusting DRG size in 4nfo animals to control levels.
Increase of body axis length is affected
We next wanted to test whether the lower proliferation
occurred only in DRG or affected also the growth of the entire
animal. In Drosphila, for example, adjacent cell populations corre-
spondingly mimic the alteration when the growth rates of speciﬁc
tissues are reduced (Mesquita et al., 2010). When testing this idea
in axolotl by measuring total animal length increase over time in
both groups we observed that 4nfo animals (n¼3) were growing
signiﬁcantly (po0.05 to po0.001) slower than controls (n¼6;
Fig. 6G).
In summary, we speculate that, when an oversupply of NC is
provided and bigger DRG are generated, the normal development
of DRG and the overall animal development are considerably
altered. Locally, the number of proliferating cells decreases, as
some of them are eliminated by apoptosis to allow the remaining
cells to be functional and acquire their identity. Moreover, the
oversized tissue is detected at the organism level, perhaps due to
the spatial constraints that bigger DRG impose to adjacent tissues
(e.g., nascent spinal cord, vertebral discs, and somites/myotomes).
As a result, animals with an oversupply of NC need a longer time to
reach appropriate proportions, considering total body axis length
and functional, normally sized DRG. When they ﬁnally reach a
certain size, in this case 5 cm, their DRG have a size comparable to
that of faster growing younger controls.
Discussion
In this project we used the dorsal root ganglia (DRG) of the
axolotl (A. mexicanum) as a model of size regulation in a neural
crest derived structure. We confronted the early embryos with two
abnormal situations. They either received only one neural fold or
four neural folds (instead of two), i.e., they possessed only half or
double of the normal neural crest complement when compared to
un-operated controls. As the axolotl is known for its extraordinary
regenerative capacity we were interested to investigate whether
normal-sized DRG could develop and the under- or oversupply of
neural crest be compensated. We characterized the shape and size
of DRG, the different cell types within DRG as well as proliferation
and apoptosis.
Initial DRG formation is, however, not an autonomous process.
It needs the interaction with the neural tube (Kalcheim and Le
Douarin, 1986) and the rostral half somite (Goldstein et al., 1990)
which should be considered. Also, as the “neurotrophic model”
(Hamburger, 1992) would predict, in addition to the effects exerted
by the tube and somites, the later size of the DRG in our
experiments would profoundly depend on a match between the
number of DRG neurons and the size of the target they innervate.
Yet, we excluded studies on the neurotrophins (such as NGF, BDNF
or NT-3) and the projections of afferents from limbs to the DRG
from this survey as they might have become too complex and
ﬁnally unfeasible.
Mechanisms of DRG size up-regulation
Cells change fate during DRG size up-regulation
One of the most striking results observed was the presence of
signiﬁcantly fewer neuronal progenitors (SOX2þ) in DRG of 1nfo
animals that have not yet reached control size (as DRG of 2nfo) at
1.5 cm. This ﬁnding seems counterintuitive, as one could expect
the progenitor pool to increase and undergo more proliferative
divisions to generate the missing cell mass. However, that possi-
bility is not entirely excluded. It has been previously reported that
a delay in neurogenesis can be induced experimentally by manip-
ulating the expression of the cdk4/cyclinD1 complex, a regulator of
the G1 phase of the cell cycle. This manipulation causes a fate
switch in the neuronal progenitor pool from neurogenic to pro-
liferative cell divisions. As the progenitor pool is expanded, more
neurons will be generated once these cells undergo differentiation
(Artegiani et al., 2011, 2012). Therefore, in our scenario, the cell
population responsible for this increased proliferation, behaves
like a transient amplifying progenitor (TaP) population (Kazanis,
2009), and is likely to be the PCNA-positive/SOX2-negative one.
This compensatory, delayed neurogenesis in the 1nfo group,
together with the fact that more neurons make up a bigger mass
than an equivalent number of progenitors (in both normal and
conditions of NC undersupply), suggests that a combination of
increased proliferation and cell size could play a role in DRG size
up-regulation. However, molecular identiﬁcation of such a cell
population remains elusive.
We see no statistically signiﬁcant increase in the total amount
or proportion of cycling cells (PCNAþ), possibly due to methodo-
logical constraints. However, some of these cycling cells, which
failed to be labeled with any of the used markers, could have
remained in an uncommitted, more proliferative state (see
Fig. 7A). In this manner those cells would divide more times than
their control counterparts before committing to a speciﬁc kind of
progenitor (e.g., SOX2þ neuronal progenitors). It has been pre-
viously reported that such fate decisions can be regulated by both
local and environmental cues in multipotent postmigratory NC
progenitors. Moreover, the ability (or potency) to generate neuro-
nal and non-neuronal cells may vary with the inherent properties
of the progenitors as well as with the extracellular signals received
(Sommer, 2001; Paratore et al., 2002).
We observed a larger increase in the number of neurons
generated from 1.5 cm to 2 cm in DRG of 1nfo animals, when
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Fig. 7. Models of DRG size regulation under different conditions of NC supply. (A) Hypothetical model of DRG size up-regulation in conditions of NC undersupply. DRG of 1.5 cm
long axolotl juveniles with 1nfo GFPþ (bottom left) are still smaller than size matched controls with 2nfo GFPþ (top left) at the same time-point. (1) In controls (2 nfo)
PCNAþ/SOX2þ progenitors (yellow nucleus, red square) ﬁrst undergo a differentiative division that generates one neuron and another SOXþ progenitor. In its ﬁnal division
the progenitor generates 2 neurons. (2) In animals with 1nfo GFPþ progenitors of uncharacterized identity (green nucleus, magenta square), PCNAþ/SOX2 , divide
proliferatively to generate a SOX2 positive progenitor (yellow nucleus), and a SOX2 negative one (green nucleus). Both of these cells are able to divide once more before full
differentiation and generate a progenitor and a neuron. As in (1), their last division generates only differentiated cells (i.e. neurons). (3) When both animal groups are 2 cm
long, their DRG have an equal size and comparable amounts of differentiated cells, but fewer SOX2þ progenitors are found in the 1nfo group. However, all other cellular
populations (e.g. glia and neurons) are comparable, with the only difference being that they derived from temporally different lineages. Time is represented in arbitrary units.
(B) Hypothetical model of DRG size down-regulation in conditions of NC oversupply. DRG of 2 cm-long juveniles generated with an initial oversupply of NC (4nfo GFPþ , bottom
left) are 70% bigger than those of control littermates with a normal amount of NC (2nfo, top left). DRG of 4nfo GFPþ juveniles show increased apoptosis (red shapes), which
plays an important role in DRG size decrease. In addition, 4nfo animals show decreased proliferation (green cycles) and slower overall growth and thus need a longer time to
become 5 cm long; once animals reach such length, the size of their DRG has reached that of controls. DRG in 5 cm-long 4nfo juveniles have therefore an older age than DRG
of their littermates at the same length. Time is represented in arbitrary units.
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compared to controls. This suggests that the progenitors of these
neurons might have altered their division potential under the
pressure to compensate for the missing cell mass. In this way, they
would asynchronously undergo more proliferative divisions than
in a control scenario, and later undergo neurogenic divisions to
achieve compensation (see Fig. 7A). Additionally, the fact that at
2 cm length, 1nfo animals still have less SOX2þ neuronal pro-
genitors, but contain comparable numbers of young neurons
to that of controls (see Fig. 5E–H) suggests that the SOX2 expres-
sion may be bypassed or delayed at the expense of neuronal
expansion stemming from the more multipotent progenitor
(PCNAþ/SOX2).
SOX2 was the most convenient marker to label NC progenitors
within axolotl DRG. Similar to other vertebrate species, like chick,
mouse and human, SOX2 labels pre-migratory NC cells of the
dorsal neural epithelium. Its expression is down-regulated in
migrating neural crest cells, and turned back on in neuronal
progenitors of sensory ganglia (Cimadamore et al., 2011). However,
although unlikely, we should still consider the possibility that in
the axolotl, SOX2 is labeling a different cell population compared
to reports for other species. During DRG size up-regulation, a
mixture of uncommitted progenitors (PCNAþ , SOX2 , perhaps
SOX10þ) participates in the expansion of pre-neuronal cells that,
upon differentiation into neurons, account for the missing cells in
conditions of undersupply of NC. In this case, more newly born
neurons were generated, when compared to the control group in
the same period of time (1.5–2 cm growth).
Do late migrating NC cells contribute to DRG size up-regulation?
Although we could not ﬁnd any evidence, it is possible that late
emigrating NC cells, boundary cap (BC) cells or NC stem cells could
have participated in size up-regulation of DRG after their coales-
cence. However, it is not known whether these cells exist in the
axolotl. Based on SEM data (Epperlein and Löfberg, 1990) and DiI
injections (Epperlein et al., 2007), trunk NC cell migration in
axolotl starts in embryos at stage 33 (anterior trunk) and is still
observable in larvae at stage 40 (9 mm long). NC cells initially
leave the dorsal neural tube as a collective but, at the dorsolateral
tube, continue to migrate laterally as single cells. In wild-type
(dark, D/) embryos some NC cells seem to coalesce at the DRG
site by stages 33–36. At stage 36 (7 mm long) more NC cells are
observed on the medial route further ventrally. They reach as far as
to the ventral apex of the myotomes (Epperlein et al., 2007) and
might be precursors of sympathetic ganglia. However, single,
scattered, tyrosin hydroxylase positive sympathetic cells can ﬁrst
be identiﬁed in 18 mm long juveniles and sympathetic ganglia are
found still later (Epperlein, unpublished). Thus, because DRG
develop ﬁrst, a ventral to dorsal progression of NC migration as
in chick (Weston and Butler, 1966; Krispin et al., 2010; McKinney
et al., 2013) does therefore not occur in axolotl.
Because precursors for the sympathetic system seem to exist
and migrate over such a long time span it is conceivable that this
also applies for the sensory system. Alternatively, given that NC
stem cells for both sensory and autonomic lineages exist for a long
time, DRG cells could be derived from them. Thus, both late
emigrating NC cells and NC stem cells could have become involved
in DRG size up-regulation. BC cells occur at the border between
the central and peripheral nervous system and form clusters at the
entry and exit points of peripheral nerve roots. In the mouse, BC-
derived cells contribute to both neurons (mainly nociceptive) and
satellite cells in the DRG. They constitute a second wave of NC
migration and contribute cells to the PNS (Maro et al., 2004). BC
cells could well play a role in DRG size control of the axolotl, but at
present we have no possibility to investigate that. Another way of
DRG size up-regulation in axolotl could have occurred via glial
cells in DRG. In adult rat DRG, for example, a subpopulation of glia
was found to be a likely progenitor for neurons and glia, and may
play a role in neurogenesis after nerve injury (Li et al., 2007). At
present it is not possible to investigate the role of glial cells in DRG
size up-regulation due to technical limitations.
Does up-regulation exist in other systems?
In chick embryos (5-somite stage) cranial neural folds were
bilaterally excised at the anterior rhombencephalic level and
replaced unilaterally with a quail neural fold fragment. A few
hours later, the grafted neural fold cells had strikingly increased in
number and occupied the whole dorsomedial area (Couly et al.,
1996). Thus, the unilaterally grafted fold had formed a neural crest,
which was virtually undistinguishable from the normal crest at
that stage and which began bilateral migration. At the 27-somite
stage quail NC cells had migrated into the branchial arches
according to the normal pattern in a strictly bilateral manner. This
result shows a very early up-regulation of NC material and is
different from our ﬁndings with DRG in axolotl. We ﬁnd no
indication of a compensation of trunk NC material before NC
migration (stage 28) (Fig. 4), and compensation of DRG size was
not observed before the animals had reached a length of 2 cm.
Mechanisms of DRG size down-regulation
Cell mass decrease in conditions of oversupply of NC
Although we tested several hypotheses, our evidence points to
apoptosis as the most obvious mechanism of DRG size compensa-
tion. In the PNS of several species a well-known mechanism that
eliminates the excess of neurons initially produced in DRG, is
target-mediated apoptosis (TMA). It is believed that TMA occurs
upon insufﬁcient supply of trophic factors (e.g., NGF, NT-3, and
BNDF) provided by the target tissue, which signal the cells to
survive (Li and Fivaz, 2008). Additionally, the neurotrophin recep-
tor p75NTR has been implicated in transducing both pro-apoptotic
and anti-apoptotic signals in sensory neurons of the DRG (Hutson
and Bothwell, 2001). These signals ensure that a functional
matching takes place, and only those cells that are needed
establish a connection to the peripheral targets, so that sensory
information is appropriately conveyed to the spinal cord and brain
via the DRG.
However, we observed that, in contrast to other species, this
cell death mechanism does not seem to be a feature of normal DRG
development in axolotl. For example, outgrowth of digits, and not
interdigital apoptosis, forms individual ﬁngers in urodele amphi-
bians (e.g., in Notophthalmus viridescens) during development and
regeneration (Vlaskalin et al., 2004). Moreover, we found very low
levels of apoptosis in both control and 1nfo animals, even when
the stages analyzed (i.e., 2 cm) would coincide with the theoretical
peak of TMA that follows neurogenesis in sensory ganglia of other
species (Hamburger et al., 1981). In the axolotl, DRG cells begin
sending axonal projections to their target tissues as early as in
1.3 cm long animals, as evidenced by GFPþ nerve tracks in
juvenile limbs of all experimental groups (unpublished). Further-
more, a more robust innervation can be observed at 2 cm.
Apoptosis was, however, only increased in 4nfo animals. Therefore,
it seems likely that the apoptotic response observed in the 4nfo
was speciﬁcally directed against the oversupply of NC cells.
We observed also a decrease in the number of proliferating
cells. It does not seem likely that proliferating cells were the
targets of apoptosis, as a post-mitotic neuronal identity is usually
required to prime cells for a death response upon lack of the
corresponding trophic factors (Guan et al., 2003; Li and Fivaz,
2008). Therefore, it is more likely that a local cellular response
occurred in order to exit or slow down the cell cycle. Also, as
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hypothesized for the 1nfo group, a change in the fate of a given cell
population could have been altered. In this case proliferating cells
could have switched to neurogenic divisions earlier, and be
consumed faster than if remained in the proliferative cycle.
The reduced elongation of the antero-posterior axis (i.e., body
length) in 4nfo animals is possibly due to a delay in spinal cord
formation. This has to be reconstituted and depends on the repair
of host epidermis, host neural plate and the healing of the four
implanted neural folds. Because elongation of the embryo relies
mainly on an intact ﬂoor plate and spinal cord but not on the
notochord (Taniguchi and Epperlein, unpublished), the operated
embryos could perhaps not grow as fast as controls in the same
time. GFPþ neurulae with no neural folds (0nfo) that served as
donors for GFPþ neural folds in the grafting experiments (Fig. 1)
convincingly support such a necessity of the spinal cord for axis
elongation. These embryos only posses a ﬂoor plate from which a
spinal cord cannot be restored and are therefore about one third to
50% shorter when controls measure 1 cm. Thus, in 5 cm long 4nfo
animals, DRG would be older, albeit having the same volume, than
DRG of their control littermates (Figs. 6G and 7B).
It has now to be considered whether time or length is a better
criterion for comparing developmental states. According to our
experience, time is unsuitable because members of the same
clutch of eggs may grow to very different lengths within the same
time of breeding because feeding may be variable. Thus, under
controlled feeding conditions, we prefer length as main staging
criterion and assume that animals of the same length display a
similar organization of their tissues and organs. For this reason we
ﬁnd it correct to use similar animal length as the basis for
comparing DRG sizes in 1nfo and 4nfo animals with controls.
Is up- or down-regulation of DRG size neural crest-driven or
environmentally induced?
The premigratory NC does not adapt to DRG up- or down-regulation
In 1nfo and 4nfo embryos at a premigratory NC stage (st. 28)
we did not observe an adjustment of the NC complement to
control levels. This means that no NC material was provided for
up- or downregulation of DRG size before NC cells have com-
menced migration.
The ideal case for the presence of pre-migratory NC cells at the
midtrunk level of 1, 2 and 4nfo embryos would be a relation of
0.5:1:2. We obtained a relation of 0.7:1:3.8. This result is still fairly
good if moderate variability within the operations, cell counting
method and morphological differences at the axial levels of
evaluation are considered. The relatively high number of NC cells
in 4nfo embryos could be due to the presence of more neural fold
material anterior to the mid-trunk level where generally more NC
tissue is spread on the tube, compared to a narrower NC string at
mid and posterior trunk levels (Epperlein and Löfberg, 1990).
Accordingly, in the mid and posterior trunk of 4nfo embryos at
stage 28 fewer NC cells occur (see rostrocaudal distribution of NC
cells in Fig. S1). In 1 cm long larvae (stage 41) the ratio of DRG cells
between 1nfo, 2nfo and 4nfo animals were 25–30: 100: 140–240.
Thus, an approximately 50% decrease between DRG and neural
crest cells was observed from stage 28 to 1 cm larvae,
The approximate 50% decrease between neural crest cells and
DRG observed is hard to understand because DRG in 1nfo animals
should grow in order to reach compensation at 2 cm length.
However, here a wrong interpretation may happen because con-
ditions of pre-migratory NC and DRG cannot be compared directly.
We speculate that the reduction of DRG cells in coalesced DRG of
1nfo animals is probably due to delayed migration and cell
division of NC cells as a consequence of the surgery. These reasons
may also be given for 4nfo animals, although in that case apoptosis
may also have contributed to the decrease observed (but no tests
were done at these early stages).
The embryonic environment affects DRG localization
It is possible that in the axolotl NC cells migrate and coalesce
into DRG at the somites in areas different from those observed in
higher vertebrates. Nonetheless, axolotl DRG always coalesced at
the anterior half of somites, as in higher vertebrates, indicating
that NC were responsive to environmental cues even after experi-
mental manipulations. This is particularly remarkable for the large
DRG of 4nfo embryos. In higher vertebrates DRG and spinal nerves
are conﬁned to the rostral somite permissive for migration
(Keynes and Stern, 1984; Rickmann et al., 1985) and avoid the
posterior somite with inhibitory factors such as collagen IX,
versican/aggrecan, ephrin-B1 and sema3F (Keynes and Stern,
1984; Kuriyama and Mayor, 2008; Nitzan and Kalcheim, 2013).
Not only the localization but also the further development of DRG
depends on the somite. In amphibians removal or addition of one
or more somites to the axis reduced or increased the number of
DRG (Lehmann, 1927; Detwiler, 1937). In the chick unsegmented
polyganglia developed at experimentally produced multiple ros-
tral half somites whose volume and cell number was signiﬁcantly
greater than that of DRG on the intact contralateral side (Goldstein
et al., 1990). Like the somite, also the neural tube is important for
DRG development, as shown by Kalcheim and LeDouarin after
implantation of an impermeable membrane between the neural
tube and recently migrated NC cells. Such a separation resulted in
a selective death of prospective DRG and ﬁnally in a total absence
of DRG (Kalcheim and Le Douarin, 1986). As shown in the chick,
the combined presence of the neural tube and of a mesoderm
permissive for NC migration stimulates the proliferation of the NC
cells that constitute the DRG (Goldstein et al., 1990).
In axolotl DRG size compensation occurs in a caudal to rostral
direction. The intrinsic differences in DRG size relative to their
axial level may be a reason for this. Usually, the DRG located
anteriorly in the embryos are bigger because the somite area at
which NC cells coalesce into DRG is bigger. Also, larger DRG
develop in the vicinity of a highly innervated area, in this case
the forelimb (Goldstein, 1993; Goldstein et al., 1995). The much
larger size of ganglia innervating the limb is, however, due to a
comparably lower percentage of neuronal death and not because
of accelerated growth (Hamburger and Levi-Montalcini, 1949).
In 1 cm axolotl larvae with an initial undersupply of NC, no
rostro-caudal differences in DRG sizes were observed (see Fig.
S2D), indicating that a similar amount of migrating NC cells
coalesced into each prospective DRG area. Therefore, it seems
plausible that when the ﬁnal size of the DRG is intrinsically bigger,
a longer time and more cell divisions are required in order to
generate the missing cell mass from an initially lower NC amount,
as was the case for DRG1, which required a longer time course to
up-regulate its size.
Other ways of inﬂuencing NC number/DRG size
If the induction of neuronal survival by neurotrophic factors is
disturbed or abolished, DRG cells are severely affected. Receptors
for neurotrophins which reach the DRG neurons via retrograde
axonal transport, include members of the tyrosine kinase family:
TrkA (for NGF), TrkB (for BDNF and NT-4) and TrkC (for NT-3).
When NGF/TrkA signaling had been abolished by antibodies or
targeted gene mutation in mice, all DRG neurons associated with
nociceptive functions were lost (Silos-Santiago et al., 1995). Also, in
NT-3 deﬁcient mice, generated by gene targeting, substantial
portions of peripheral sensory and sympathetic neurons were lost.
Most animals died shortly after birth (Ernfors et al., 1994). In chick
the blockade of TrkC in ovo induced reductions of subpopulations
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of DRG neurons known to be dependent on NGF and NT-3 (Lefcort
et al., 1996). Compared to our manipulations of NC material in
axolotl, these genetic experiments leave mostly no chance for the
DRG to recover, because the neurotrophin receptors on DRG cells
are destroyed and regulation is abrogated.
Also, in contrast to our non-genetic manipulation of the
number of NC cells, experiments which inﬂuence the lineage
segregation of the neural crest have been performed. Puriﬁed
BMP-4, for example, reduced the number of pigment cells in quail
NC cultures, generating neurons and glial cells instead (Jin et al.,
2001). Generation of mice expressing a constitutively active form
of β-catenin speciﬁcally in NC cells led to formation of sensory
neurons at the expense of sympathetic ones (Lee et al., 2004).
Furthermore, in mice carrying a null mutation for the Creb gene,
sensory neuron degeneration, as well as axonal growth defects are
observed, along with massive apoptosis, due to an inability to
respond to neurotrophin-derived survival cues (Lonze et al., 2002).
Experiments of this type are rather concerned with a molecular
and cellular analysis of NC function instead of testing the “rescue”
capacity of the organism as we do in our system.
Finally, the size regulation of DRG in the operated axolotl
embryos, particularly in 4nfo embryos, or the repair and tube
formation in neurulae with 1 or 4nfo, could also be inﬂuenced by
“self monitoring responses” of a so-called tissue “innate ability to
repair deformities” (Vandenberg et al., 2012). This model was
elaborated in Xenopus, where defects induced in cranial NC-
derived structures could “assess and correct their location relative
to other local organs”. Essential for the repair was that the
misplaced structures move along the anterior–posterior and left-
right axes in ways that are signiﬁcantly different from their normal
movements. Because genetic alterations were not planned nor
feasible in our experimental set-up as in the mouse, cell pools in
our white mutant embryos could preserve their capabilities to
respond to both environmental and NC internal cues that promote
cell fate acquisition and survival. Therefore, our ﬁndings resemble
more those observed by Vandenberg (Vandenberg et al., 2012),
where the NC manipulation occurs at the cellular but not at the
genetic level. Thus, NC structures may be regulated in location,
size, or shape.
Conclusion
Our research has shown, that the size of DRG can be changed
locally to control levels when there is either an undersupply or an
oversupply of DRG precursor cells in the neural crest. Possibly,
neurotrophic interactions of DRG with peripheral tissues (e.g. skin,
limbs) provide a feedback for this regulation and lead to the size
compensation observed. The study of the molecular signals under-
lying such an interchange of information between DRG and the
surrounding tissues would be a fascinating area of future research.
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